ABSTRACT. Ty3-gypsy long-terminal repeat retroelements are ubiquitously found in many plant genomes. This study reports the occurrence of heterogeneous Ty3-gypsy retroelements in four representative bamboo species: Phyllostachys heterocycla (Carr.) Mitford cv. pubescens, P. heterocycla (Carr.) Mitford cv. heterocycla, Dendrocalamopsis oldhami, and Pleioblastus fortunei. Using degenerate oligonucleotide primers corresponding to the conserved domains of reverse transcriptase (rt) genes of Ty3-gypsy retroelements, 165 distinct sequences were amplified from genomic DNA. The length of the nucleotide sequences varied from 366 to 438 bp. The sequences demonstrated a high heterogeneity, with homology ranging from 52.2 to 99.8%. A phylogenetic tree was constructed, including Arabidopsis thaliana and Oryza sativa. Bamboo Ty3-gypsy sequences formed three distinct retroelement clusters (gypsy I-III). Further analysis indicated that there were not only nearly identical Ty3-gypsy retroelements found in distantly related species, but also highly diverse Ty3-gypsy retroelements observed in closely related species. The results of this study provide genetic and evolutionary information about the bamboo genome that could contribute to further studies of repetitive elements in bamboo as well as in other species.
INTRODUCTION
are monopodium type, D. oldhami is sympodium type and P. fortunei is amphipodium type. Utilizing the availability of degenerate primers for the rt-conserved regions, we isolated and sequenced 165 Ty3-gypsy rt fragments. The distribution, heterogeneity, and evolutionary patterns of these rt sequences were investigated.
MATERIAL AND METHODS

Plant materials and genomic DNA isolation
Four representative species of bamboo were collected in this study, including Phyllostachys heterocycla (Carr.) Mitford cv. pubescens and P. heterocycla (Carr.) Mitford cv. heterocycla (both representing the monopodial type), D. oldhami (a sympodial type), and P. fortunei (an amphipodial type) (Bamboo Phylogeny Group, 2012) . The young leaves of each species were collected and genomic DNA was extracted using a DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany).
Polymerase chain reaction (PCR) amplification, cloning, and sequencing
Degenerate oligonucleotide primers were designed based on the description by Kumar and Bennetzen (1999) . Forward TY3-5 (5'-AGMGRATGTGYGTSGATYAT-3') and reverse TY3-3 (5'-GTKGGKYTTRWGTGTRAA-3') primers were synthesized by Sangon Biotech Co., Ltd., Shanghai, China. PCR amplifications were performed in 20-mL reaction volumes containing 150 ng DNA, 2 mL 10X PCR buffer, 1.2 mL 2.0 mM MgCl 2 , 1.8 mL 0.3 mM dNTPs, 0.5 mL 10 mM primers (TY3-F and TY3-R), 0.1 mL Ex Taq enzyme, and 13.9 mL sterile water. The reaction was preheated to 94°C for 3 min, followed by 35 cycles at 94°C for 30 s, 50°C for 30 s, 72°C for 90 s, and a final extension step at 72°C for 5 min.
Ty3-gypsy rt amplification products were resolved on a 1% agarose gel and purified using the UNIQ-10 Spin Column DNA Gel Extraction Kit (Sangon Biotech Co., Ltd.) and cloned into the pMD TM 18-T Vector (TaKaRa, Japan).
Sequence analysis
BLASTn (http://www.ncbi.nlm.nih.gov/) was employed to test the authenticity and homology of the DNA sequences. The DNAMAN software (Lynnon Corporation, USA) was used to translate the nucleotide sequences into peptide sequences with readingframe shifts when necessary. The heterogeneities of the nucleotide and peptide sequences were investigated using DNAMAN. The conserved domains of amino acid sequences were tested using the NCBI CCD analysis (http://www.ncbi.nlm.nih.gov/Structure/ bwrpsb/bwrpsb.cgi). Tajima tests of the nucleotide sequences and the nonsynonymoussynonymous substitution rate ratio (dN/dS) analysis were performed using the DnaSP software (Librado and Rozas, 2009) .
In order to investigate evolutionary pattern of bamboo Ty3-gypsy retroelements, we also downloaded representative sequences of Ty3-gypsy retroelements of Arabidopsis thaliana and Oryza sativa from PGSB Repeat Element Database (http://pgsb.helmholtz-muenchen. de/plant/recat/). The sequences corresponding to the conserved domains of the Ty3-gypsy retroelement rt gene were extracted. The multiple-sequence alignments, Model Test analysis, and NJ tree reconstruction were performed using MEGA 5.0 (Tamura et al., 2011) .
RESULTS
Identification and polymorphic analysis of the rt domain
More than 50 clones were randomly sequenced from each bamboo species until only redundant sequences were found. After removing repetitive sequences and filtering low-quality sequences, 165 sequences were obtained (KT715847-KT716011; Table 1 ). Each amplified fragment was 360-430 bp long ( Figure 1 ). The BLASTn analyses showed that all the sequences had significant homology to known plant Ty3-gypsy retroelements. Each bamboo sequence was named according to the first letter of the genus and species, followed by the clone number, such as P. heterocycla (Carr.) Mitford cv. pubescens: Php-#. The Ty3-gypsy retroelement rt gene sequences were found to be highly polymorphic in the tested bamboo species. Pairwise comparisons of nucleotide sequences showed 52.2-99.8 and 51.1-100% identity at the amino acid level (Tables S1 and S2). Pairwise identities of Ty3-gypsy retroelement rt gene sequences within each species also revealed a spectrum of diversity among the four species (53.6-100% identity at the amino acid level in P. heterocycla (Carr.) Mitford cv. heterocycla, 56.5-99.3% in P. heterocycla (Carr.) Mitford cv. pubescens, 51.1-100% in D. oldhami, and 54.3-100% in P. fortunei) ( Table S2) .
Tests for neutrality
To gain insight into the evolution of Ty3-gypsy retroelements in bamboo, Tajima's D neutral test was applied. The test including 165 Ty3-gypsy retroelement sequences resulted in a D-value of 2.13 (P < 0.001; Table 2 ). The excess of intermediate frequency alleles of bamboo Ty3-gypsy retroelements may be indicative of past population bottlenecks, structure, and/or balancing selection (Biswas and Akey, 2006) . The dN/dS for 75.36% of the codons were found to be greater than 1 (P < 0.001), which suggests that the majority of the sites in the bamboo rt sequences are under positive selection (Miyata et al., 1979; Li et al., 1985 , Yang et al., 2005 . m = number of sequences, S = number of segregating sites, Ps = S/m, q = Ps/a 1 , P = nucleotide diversity, and D is the Tajima test statistic. 
Phylogenetic analysis of the rt domains of the bamboo Ty3-gypsy retroelements
Four clusters (gypsy I-IV) were the largest and best supported monophyletic groups, based on the NJ method (bootstrap values >60%; Figure 2) . Most of the bamboo Ty3-gypsy retroelements clustered into three branches of the tree, representing gypsy I-III. Two of these clusters (gypsy I and gypsy III) contained both bamboo and rice Ty3-gypsy retroelements, gypsy II included exclusively bamboo retroelements, whereas gypsy IV contained both A. thaliana and O. sativa retroelements (Figure 2) .
Among the bamboo Ty3-gypsy retroelements, distantly related bamboo species shared closely related Ty3-gypsy retroelements. For instance, the Ty3-gypsy retroelement family Do-33 (from D. oldhami) and Ph-9 (from P. heterocycla (Carr.) Mitford cv. heterocycla) showed 93.6% nucleotide identity, although these two species are spatially separated and represent distinctly different bamboo types (sympodial and monopodial, respectively). The reciprocal situation was also observed in which diverse Ty3-gypsy retroelements were present in the same species, e.g., in P. fortunei Pf-1 from cluster gypsy I and Pf-19 from cluster gypsy II, which shared only 64.6% identity. Similar phenomena were observed in the intra-species relationships of P. heterocycla. Multiple divergent Ty3-gypsy retroelement fragments could be present in the same individual genome (e.g., Ph-52 and Ph-10 from P. heterocycla (Carr.) Mitford cv. heterocycla). Meanwhile, identical fragments of the Ty3-gypsy retroelement were shared by multiple cultivars (e.g., Ph-25 from P. heterocycla (Carr.) Mitford cv. heterocycla and Php-5 from P. heterocycla (Carr.) Mitford cv. pubescens). 
DISCUSSION
Bamboo is an economically important plant cultivated in China. The available fossil evidence and the surviving basal lineages suggest that Bambusoideae evolved in Gondwanaland during the Paleogene period more than 30 mya (Guo and Li, 2002; RuizSanchez, 2011) . In the present study, using available degenerate oligonucleotide primers, 165 sequences representing rt domains of Ty3-gypsy retroelements were isolated from four bamboo species. The tested bamboo species covered monopodial, sympodial, and amphipodial types of bamboo, representing different rhizome structures. Ty3-gypsy retroelements are abundant in bamboo, and our phylogenetic analyses showed that bamboo Ty3-gypsy retroelements formed three clusters, all of which originated from a common ancestor (Figure 2) . Among four clusters of the phylogenetic tree (Figure 2 ), one cluster (gypsy IV) was comprised of only A. thaliana and O. sativa retroelements. A possible reason for this is that the degenerate oligonucleotide primers used were too specific and did not successfully amplify bamboo retroelements that belong to the gypsy IV cluster. In contrast, one cluster (gypsy II) consisted exclusively of bamboo retroelements, which may suggest a bamboo-specific in origin.
Ty3-gypsy group retroelements in the bamboo genomes are highly heterogeneous, like those observed in other plant species (Jiang et al., 2013; Kolano et al., 2013) . There are four possible explanations for this. First, the retroelement "copy-and-paste" mechanism is errorprone, owning to the low fidelity and lack of proofreading activity in the rt gene, which leads to sequence diversity (Sun et al., 2008) . Second, according to Kumar and Bennetzen (1999) , retroelement heterogeneity could gradually be maintained over generations, through vertical transmission. Third, repetitive DNA could be deleted from the genome through unequal crossing-over and illegitimate recombination (Devos et al., 2002; Pereira, 2004) , a process that might occur in one species but perhaps not in another (Jiang et al., 2013; Kolano et al., 2013) . Fourth, transposable elements undergo more stringent natural selection than other sequences, due to their potential impact on genic regions. There are at least three deleterious effects of transposable elements in the host genome including mutations resulting from insertions into genes or regulatory sequences (Finnegan, 1992) , chromosomal rearrangements caused by ectopic recombination between elements in non-homologous insertion sites (Devos et al., 2002; Pereira, 2004) , and direct costs due to their transposition activity (Brookfield, 1991) . Therefore, transposable elements undergo more stringent natural selection than other sequences, as the host could eliminate active transposable elements through stochastic loss or vertical extinction mechanisms to reduce the deleterious effects of transposition (Pritham, 2009; Jiang et al., 2013; Kolano et al., 2013) . The positive value of Tajima's D obtained for the 165 bamboo Ty3-gypsy sequences (2.13) indicates that these retroelements indeed underwent strong natural selection. The dN/dS values of each codon suggest that the majority of the sites (75.36%) are under positive selection.
Horizontal transmission can also cause sequence heterogeneity in retroelements (Kumar and Bennetzen, 1999) . In our phylogenetic analysis, the bamboo Ty3-gypsy retroelements did not irrefutably show the presence of horizontal transfer, although some evidence suggesting this was observed. For example, the Ty3-gypsy retroelement phylogenetic tree was incongruent with the bamboo taxonomy reflected by the presence of near identical Ty3-gypsy retroelement sequences in distantly related species and the presence of relatively diverse Ty3-gypsy retroelement sequences in closely related species. This phenomenon indicates the possibility of horizontal transfer events between phylogenetically distant species during bamboo evolution (El Baidouri et al., 2014; Davis and Xi, 2015) .
Artifacts in the phylogenetic reconstruction may occur as a result of differential rates of evolution among the retroelement clusters (Fortune et al., 2008) . Notably, not all Ty3-gypsy retroelement sequences might be amplified in all four bamboo species due to primer specificity. The resulting loss of Ty3-gypsy retroelement sequence information might have an impact on the subsequent phylogenetic analysis.
In conclusion, we show high heterogeneity, phylogenetic relationships, and evolutionary patterns for Ty3-gypsy retroelements in multiple bamboo species. The results of this study provide genetic and evolutionary information concerning the bamboo genome. This could contribute to future studies of repetitive elements in bamboo as well as other species.
